ABSTRACT: Ammonia can accumulate in highly stocked sheep accommodation, for example during live export shipments, and could affect sheep health and welfare. Thus, the objective of this experiment was to test the effects of 4 NH 3 concentrations, 4 (control), 12, 21, and 34 mg/m 3 , on the physiology and behavior of wether sheep. Sheep were held for 12 d under a micro-climate and stocking density similar to shipboard conditions recorded on voyages from Australia to the Middle East during the northern hemispheric summer. Ammonia increased macrophage activity in transtracheal aspirations, indicating active pulmonary infl ammation; however, it had no effect (P > 0.05) on hematological variables. Feed intake decreased (P = 0.002) in proportion to ammonia concentration, and BW gain decreased (P < 0.001) at the 2 greatest concentrations. Exposure to ammonia increased (P = 0.03) the frequency of sneezing, and at the greatest ammonia concentration, sheep were less active, with less locomotion, pawing, and panting. Twenty-eight days after exposure to NH 3 , the pulmonary macrophage activity and BW of the sheep returned to that of sheep exposed to only 4 mg/m 3 . It was concluded that NH 3 induced a temporary infl ammatory response of the respiratory system and reduced BW gain, which together indicated a transitory adverse effect on the welfare of sheep.
INTRODUCTION
Long distance shipments of livestock from Australia mostly involve sheep, rather than cattle, especially those on ships traveling to the Middle East (Phillips, 2008) . This is the largest live export industry in the world, with approximately 3 million live sheep exported in 2010 (SCA, 2012) . During a voyage, ammonia is released from excreta produced by the livestock. On cattle shipments, the excreta of the animals are usually removed from the pens every few days, but in sheep pens, the drier excreta is allowed to accumulate into a pad on which the sheep lie. Increased ammonia concentrations on ships are cited by veterinarians, livestock exporters, and ship owners as being 1 of the top 5 welfare issues related to sea transport of livestock (Pines et al., 2007) . Variation in ammonia concentrations is due to factors such as the type of deck (open vs. closed sides), temperature, and air fl ow (Pines and Phillips, 2011) .
The trachea, as part of the upper respiratory tract, is particularly likely to be affected by bacterial colonization when challenged by increased concentrations of irritant pollutants, including atmospheric ammonia (Done et al., 2005; Fitzgerald et al., 2006) . In extreme forms of ammonia intoxication, microscopic lesions form from the degeneration and necrosis of superfi cial epithelium lining nasal passages, trachea, and pulmonary airways. Previous research has indicated that concentrations of ammonia of 34 mg/m 3 in simulated ship journeys can induce temporary infl ammatory responses in cattle, as evidenced by increased macrophage activity in bronchoalveolar lavages, increased neutrophil production, and observable lacrimation, nasal secretions, and coughing (Phillips et al., 2010) . This is due to ammonia contacting water on the epithelial surfaces and producing the corrosive alkaline chemical ammonium hydroxide (Bolon et al., 1991) . These changes in physiology and behavior were, however, not evident 28 d after cattle were returned to normal atmospheric ammonia concentrations. Because no information is available on the responses of sheep to ammonia accumulated in their living quarters on ships, the hypothesis of this study was that exposing sheep to NH 3 concentrations that they may experience on ships would adversely affect their physiology and behavior.
MATERIALS AND METHODS
The study was conducted at the CSIRO Rendel Laboratories, Rockhampton, Australia (23.4°S; 150.5°E) , with the approval of the CSIRO Animal Ethics Committee.
Animals and Housing
Merino cross wethers (n = 150, mean BW 51 ± 1.0 kg), approximately 48 mo of age, were purchased from a breeder in Tenterfi eld, New South Wales. The study was conducted over 89 d in 2 climate-controlled chambers (6.4 m in width × 9.0 m in length × 2.3 m in height). Within each chamber, 2 pens (1.8 × 1.1 m) were used to hold 6 sheep each at a stocking density of 0.315 m 2 / sheep (based on current Australian live export guidelines; ASEL, 2006) . Feed and water troughs were fi xed to the inside of each pen, occupying 0.9 m 2 of the available pen space.
Ammonia Treatments
Sheep were exposed to 1 of 4 approximate NH 3 concentrations: 4 mg/m 3 of gaseous NH 3 (CON), 11 mg/m 3 of gaseous NH 3 (LO), 23 mg/m 3 of gaseous NH 3 (MED), or 34 mg/m 3 of gaseous NH 3 (HI). The 4 experimental NH 3 treatments were allocated to the 2 chambers so that each treatment was replicated 3 times in a balanced incomplete-block design. The replicated schedule allowed for all pair-wise combinations of NH 3 treatments to be compared (Table 1) . Each treatment period ran for 12 d, which is comparable with the voyage duration experienced by sheep exported live from Australia to the Middle East.
A concentration of 34 mg of NH 3 /m 3 represents the greatest average concentrations in any environment that can be legally entered by humans (NOHSC, 1995) . In CON, the NH 3 concentration was minimized by hosing the pen fl oors 3 times/d, whereas, in LO, MED, and HI groups, feces and urine were allowed to accumulate. When necessary, further manipulation of NH 3 concentration was achieved through the hosing of the pen fl oor, addition of urea to manure (in a separate section of the chamber fl oor, inaccessible to sheep), and manual manipulation of air fl ow into and out of the chambers.
Climatic Conditions
Preprogrammed levels for O 2 , CO 2 , wet bulb temperature (T WB ), and dry bulb temperature (T DB ) were set for each chamber. Upper and lower set points for each variable were established before the study and maintained throughout. An Innotech GENII Modem Interface control system (Mass Electronics, Brisbane, Queensland, Australia) logged climatic data and managed the climatic variables within the chambers. Temperature (T WB and T DB ) and humidity were measured using a humidity and temperature transmitter (HMW61Y, Vaisala Oyj, Vantaa, Finland) , and the T WB and T DB programmed for the climate rooms were based on shipboard levels recorded on 3 previous voyages (2 from Fremantle, Western Australia to the Middle East, and 1 from Darwin, Northern Territory, Australia, to the Middle East). Wet bulb temperature was adjusted once daily at 0500 h, whereas T DB was adjusted twice daily (at 0500 and 1700 h) according to recorded daily fl uctuations in the shipboard recorded temperatures. The target T WB at 0500 h for d 0 (day of entry to chamber) to d 12 was gradually increased from 23 to 29°C. The target T DB at 0500 h also was increased from 26 to 35°C across 12 d within the chambers, and T DB at 1700 h was 1°C less than the temperature at 0500 h.
Carbon dioxide was measured using a Vaisala CO 2 transmitter (GMT220, Vaisala Oyj, Finland). Oxygen was measured using an AST Oxygen transmitter (Critical Environment Technologies, Delta, British Columbia, Canada). Gaseous NH 3 was manually monitored twice daily at 5 locations within each chamber (2 at standing sheep head height, 2 at lying sheep head height, and 1 at fl oor level) using a handheld electrochemical meter (OdaLog gas data logger, App-tek Australia, accuracy ± 4 mg/m 3 ; resolution: 0.75 mg/m 3 ). The gas data logger was calibrated 4 mo before the study and again during the second month of the study. Each chamber had its own independent air conditioning unit, and the air fl ow rate was 1,071 m 3 /h. Pressurized water, fed through humidifi ers, was used to maintain the humidity in each chamber. Lighting was provided 24 h/d via 6 fl uorescent lights in each chamber, replicating shipboard conditions. The concrete fl oors of the pens were sloped so that water and urine ran into a grated draining system positioned at the center of each chamber. The pen fl oors were cleaned daily at 0630, 1200, and 1830 h, and manure build-up within the drainage system was removed by manual fl ushing. 
Experimental Protocol
Twenty-four sheep were used in each of the 6 replicates. The sheep were identifi ed on their backs with large individual numbers. To simulate preexport assembly depot conditions, sheep were held in separate, undercover pens (5 m × 12 m) for 5 d before their entry into the chambers (d 0). During this time, sheep were provided with ad libitum water and gradually introduced to a pelleted diet (Ridley AgriProducts, Rockhampton, Australia; Table 2 ), which was formulated to meet the nutritional specifi cations for export of sheep (ASEL, 2006) . This was achieved by mixing pellets with chaff in the following chaff:pellet ratios: 2:1, 1:1, 1:2, 0:1, and 0:1 for d 1, 2, 3, 4, and 5, respectively.
Before entering the climate chambers, all sheep were shorn, weighed, and divided into 4 pens (6 sheep/ pen) according to their BW. In each replicate, 2 groups were randomly assigned to the 2 pens in each chamber. On the day before entering the chambers, two 2-mL blood samples (1 placed into an EDTA Vacutainer and the other into a serum separator Vacutainer tube; Becton, Dickinson and Company, Franklin Lakes, NJ) were collected via jugular venipuncture and 1 blood smear prepared from each of 8 sheep (2 sheep/pen).
At the end of the 12-d period, sheep were removed from the chambers, weighed, and a second set of 2-mL blood samples was collected from the same sheep in each pen from which preexperimental blood samples had been collected. Blood samples were centrifuged at 2,140 × g at 4°C (J6-MI, Beckman Instruments, Brea, CA) before being frozen at -20°C until assayed. Blood smears were stored at 4°C. The samples were used to determine plasma cortisol concentration using an automated chemiluminescent EIA (Immulite 1000 Cortisol kits, sensitivity 0.2 μg/dL, detected on an Immulite 1000 Analyzer, Siemens Medical Solutions Diagnostics, Gwynedd, UK; assay validated by Tripp et al., 2010 ; intraassay CV 7%; interassay CV 9.32%), blood urea using a kinetic UV test (OSR6134, ± 0.35 at 7.75 mmol/L, intraassay CV 3.9%; interassay CV 3.6%; Olympus AU400 Analyzer, Life and Materials Science Europa GmBH, Hamburg, Germany), and a full blood count was determined.
Data Collection
Behavioral observations were made twice daily (0500 to 0615 h and 1700 to 1815 h). Cleaning and other husbandry tasks were avoided just before observations to prevent residual effects on the behavior of the sheep. Ten minutes before data collection, the observer entered a chamber and sat quietly to allow sheep to adjust to the presence of the observer. During a recording session, sheep in each pen were observed in random order for 15 min using a continuous sampling technique. Behavioral observations were manually recorded via Observer (version 5.0, Noldus Information Technology, Wageningen, the Netherlands) to a handheld computer (iPaq, Compaq Computer Corporation, Houston, TX). The behaviors recorded as a proportion of total time, which included standing, lying, and head position (up or down). The number of bouts of locomotion, licking self, coughing, scratching, pawing, and sneezing were continuously recorded. Feed and water consumption by each pen was measured daily at 0630 h. Feed troughs were removed temporarily for weighing feed residues, whereas water was measured using a calibrated fl ow meter positioned in the inlet pipe.
Transtracheal Aspiration
After 12 d in the chambers, sheep were moved to a holding area and weighed, and blood was collected (see above). Those sheep from which blood samples were collected as described previously then had a transtracheal aspiration (TA) sample taken. Each sheep was administered 0.01 mg/kg of Zylazil 20 (Ilium Veterinary Products, Smithfi eld, Australia) via intravenous injection before being restrained in sternal recumbency, with 1 Contained (on a DM basis): 3,000 IU/g of vitamin A; 250 IU/g of vitamin D 3 ; 2,500 mg/kg of vitamin E; 7,500 mg/kg of iron; 25,000 mg/kg of zinc; 15,000 mg/kg of magnesium; 5,000 mg/kg of copper; 50 mg/kg of selenium; 250 mg/kg of molybdenum; 1,000 mg/kg of cobalt; and 250 mg/kg of iodine.
2 Provided 25 mg/kg of monensin sodium (Rumensin 100, Elanco, Sydney, Australia). the head pulled in extension. The mid-tracheal area was clipped and prepared for surgical intervention with a scrub and alcohol application. A solution of 2% lignocaine (Sigma-Aldrich, Castle Hill, NSW, Austrailia) (3 mL) was infused subcutaneously over the entry site, and a 10-g angiocath cannula was inserted between the cartilaginous rings of the mid to lower trachea. Then the trochar was removed from the cannula and a 55-cm, 6-g Foley catheter (Cook U20, Cook Pty. Ltd., Brisbane, Australia) was inserted, with a small amount of xylocaine (AstraZeneca, North Ryde, Australia) applied to the tip for lubrication. The Foley catheter was passed down into the bronchi until resistance was felt; then the cuff was infl ated with 1 to 2 mL of air. After attaching an adaptor to the end of the Foley catheter, 50 mL of saline solution was instilled into the bronchi and alveoli using a syringe, followed by 3 mL of air to expel all of the saline from the catheter. After removing the instillation syringe, a new 20-mL syringe was attached and as much of the infused fl uid as possible was recovered. A 5-mL sample of the well-mixed aspirate was stored at 4°C. After defl ating the cuff and withdrawing the catheter, the cannula was extracted from the trachea and Cetrigen spray (Virback Australia Pty. Ltd., Milperra, Australia) was applied to the wound. Following these procedures, all sheep were allowed to stand and returned to a paddock, and after 28 d, the sheep were returned to the holding area where they were weighed. A third set of blood samples was collected and a second set of TA samples obtained to determine any long-term effects of exposure to gaseous NH 3 .
After collection, TA samples were obtained for the determination of concentrations of red cells, total nucleated cells, lymphocytes, neutrophils, other segmented leukocytes, and macrophages. Because absolute cell counts in TA samples are not meaningful due to dilution effects and variable harvest success, relative proportions of nucleated cells within samples were determined and compared between samples of sheep exposed to the 4 treatments. First, total nucleated cells were counted in the sample, and a differential count divided nucleated cells into percentages of neutrophils, lymphocytes, eosinophils, basophils, and macrophages. Macrophage activity was determined by abundance of cytoplasm and degree of cytoplasmic vacuolation, and was classifi ed as low (1), medium (2), high (3), and very high (4).
Statistical Analysis
Before analysis, all data were checked for equal variance using Levene's test and normal distribution of residuals using the Anderson-Darling test. For data not satisfying the Levene's test, transformations were made to achieve equal variance.
Hematology, TA, and BW change from d 1 to 13 (day on which the sheep were removed from the chamber), as well as d-41 data, were analyzed using the GLM procedure (Minitab Ltd., Coventry, United Kingdom) to test for effects of ammonia treatment, period, and chamber, using pens as replicates. Where no signifi cant (P ≤ 0.05) effects of NH 3 were found, data were collapsed and a paired t-test was used to determine whether there were any overall differences between preexperiment, d 13, and d 28 posttreatment concentrations. The qualitative pulmonary macrophage activity data from the TA procedure were analyzed using the χ 2 test, and results are presented as mean values per treatment.
All behavior data were examined using an ANOVA of repeated measures (Rowell and Walters, 1976) , via the AREPMEASURES procedure of GenStat (2009; Hemel Hempstead, Hertfordshire, United Kingdom). This formed an approximate split-plot ANOVA (split for time, d). The Greenhouse-Geisser epsilon estimated the degree of temporal autocorrelation and adjusted the probability levels for this. Residual plots were used to determine the most appropriate transformation where required to justify the assumptions of normality and homogeneous variances.
RESULTS

Ammonia Concentrations and Hematology
The mean NH 3 concentrations (mg/m 3 ) for the 3 replicates of treatments were 2.1 ± 0.3, 3.8 ± 0.3, and 5.6 ± 0.4 for the CON treatment (overall mean 3.8); 11.3 ± 1.1, 11.7 ± 0.3, and 12.2 ± 0.5 for the LO treatment (overall mean 11.7); 18.8 ± 2.2, 22.4 ± 0.8, and 22.5 ± 0.8 for the MED treatment (overall mean 21.2); and 34.9 ± 3.8, 30.1 ± 1.1, and 36.1 ± 1.3 for the HI treatment (overall mean 33.7). Ammonia treatment had no effect (P ≥ 0.07) on any of the hematological variables measured in the sheep immediately after they left the chambers (Table 3) . Compared with preexperimental concentrations, at d 13, there was a decrease (P ≤ 0.03) in neutrophil concentration, a decrease (P ≤ 0.01) in mean cell hemoglobin concentrate (P = 0.01), an increase (P = 0.009) in hemoglobin, and an increase (P = 0.001) in packed cell volume ( Figure 1) ; however, all variables were within normal range, as determined by The University of Queensland's Clinical Pathology Laboratory. Moreover, there were no differences (P ≥ 0.19) among treatments in the hematological variables 28 d posttreatment.
Transtracheal Aspiration
Ammonia treatment had no effect (P ≥ 0.20) on concentrations of red cells, total nucleated cells, lymphocytes, neutrophils, other segmented leukocytes, or macrophages in the TA samples taken on d 13 (Table 4) . There was, however, a signifi cant (P = 0.01) increase in pulmonary macrophage activity in sheep exposed to NH 3 when compared with CON, but no differences (P ≥ 0.05) were observed among the NH 3 treatment concentrations. The pulmonary macrophage activity of the subsample of sheep that were tested 28 d posttreatment was in all cases classifi ed as medium to low. Furthermore, no differences were found among NH 3 treatments in 28-d postexperiment TA concentrations of cells (P ≥ 0.17) or lavage samples collected immediately after leaving the climate chambers and those collected 28 d later (P ≥ 0.15).
BW, Feed and Water Consumption, and Behavior
Sheep progressively reduced their feed intake (P = 0.002) as the ammonia concentration to which they were exposed increased (Table 5) . Reduction in the feed intake of sheep in CON and LO groups vs. those in MED and HI groups became more evident in the middle of the exposure period and was maintained until the end of exposure (Figure 2 ). Ammonia treatment did not affect water consumption (P ≥ 0.22). Sheep in the CON and LO treatments lost only a small amount of BW (20 g/d) during the exposure period, whereas those in the MED and HI treatments lost (P < 0.0001) much more BW (289 g/d); however, by 28 d postexperiment, there was no (P = 0.24) difference in sheep BW among NH 3 2 Values are least squares means for pens (n = 6) of sheep exposed to the treatments for 12 d, with 2 sheep sampled per pen. Preexperimental values and the probability of ammonia treatment effects are also presented. Figure 1 . Difference between preexperimental (light gray columns) and d 13 (dark gray columns). MCHC = mean corpuscular hemoglobin concentrate. Values are least squares means ± SEM for pens (n = 6) of sheep exposed to the treatments for 12 d, with 2 sheep sampled/pen. treatments, and there was an increase (P = 0.01) in mean BW from 45.9 kg at the end of the treatment to 50.7 kg 28 d postexperiment.
Sheep in the NH 3 treatments spent more (P = 0.03) time standing than those in CON treatment; however, sheep spent less (P = 0.03) time standing with their head lowered and had fewer (P < 0.001) bouts of locomotion when exposed to the HI treatment. A greater (P < 0.001) number of sheep were recorded panting as NH 3 concentration increased up to the MED treatment, but then decreased in the HI treatment. Sheep had fewer (P = 0.007) pawing bouts and tended to have fewer (P = 0.06) selflicking bouts in the HI treatment than in the other 3 NH 3 treatments. Sheep exposed to NH 3 at all 3 concentrations demonstrated an increased (P = 0.03) frequency of sneezing, compared with CON sheep, whereas coughing, scratching, and foot stomping were too infrequent to analyze statistically.
DISCUSSION
Exposure to increasing NH 3 reduced feed intake in the second half of the study, which resulted in a loss of BW in sheep exposed to MED and HI treatments. The effects of NH 3 exposure on feed conversion efficiency have been reported before but not on feed intake. Drummond et al. (1976) reported that lambs exposed to an atmosphere of 56 mg/m 3 of NH 3 for 28 d had reduced feed conversion effi ciency compared with lambs in a control atmosphere, and Beker et al. (2004) reported reduced feed conversion effi ciency in poultry exposed to 45 mg/m 3 of NH 3 . Gustin et al. (1994) reported that BW was reduced substantially in pigs exposed to 38 and 75 mg/m 3 of NH 3 , and they suggested that the loss of BW may be associated with an adverse effect on the central nervous system after pulmonary absorption of NH 3 .
The only behavioral evidence of mucosal infl ammatory responses to NH 3 in the current study was increased sneezing, which is in contrast to several indicators reported for cattle (Phillips et al., 2010) . However, we were unable to fi nd a reliable method to monitor lacrimation and nasal secretions in the sheep. Severe coughing and profuse lacrimation and nasal discharge have been reported in lambs exposed to 56 mg/m 3 of NH 3 for 28 d (Drummond et al., 1976) ; however, Gustin et al. (1994) reported no coughing, nasal discharge, or sneezing in pigs exposed for 6 d to 0, 19, 38, and 75 mg/ m 3 of NH 3 . This leaves some doubt as to whether sheep respond in a similar way to cattle in terms of the infl ammatory response.
The reduction in the time spent with the head lowered by sheep in the HI NH 3 treatment is of unknown etiology, but may have arisen because NH 3 concentration was increased nearer the fl oor due to reduced ventilation, discouraging the sheep from lowering their head in the greatest NH 3 treatment. A lowered head in sheep is considered by some to be an indication of discomfort (Hall et al., 1998) .
Previous research with steers in the same simulated live export conditions (Phillips et al., 2010) found that the greater NH 3 concentrations (MED and HI) increased neutrophil concentration in blood and also increased macrophage activity in bronchoalveolar lavages in proportion to NH 3 concentration. In the present study, the increase in macrophage activity of sheep was similar and increased in the TA at all concentrations of NH 3 exposure, whereas the results for cattle demonstrated an increase in proportion to exposure. This suggests a greater sensitivity of cattle than sheep to HI NH 3 concentrations (Phillips et al., 2010) . If there is mucosal infl ammation in sheep after NH 3 exposure, it may render them more susceptible to disease, similar to fi sh exposed to greater concentrations of NH 3 in their aquatic environment (Ackerman et al., 2006) . The increase in panting with increasing NH 3 concentration up to the MED level and subsequent decline at the HI level may be because the sheep breathed slower to reduce intake of NH 3 at the greatest exposure.
The establishment of a suitable limit for NH 3 concentrations must take into account the proportion of sheep affected, the scale of the effects at the different exposures, and duration of exposure. Unlike our similar experiment conducted on cattle, this experiment provided evidence of similarly enhanced immune responses at all NH 3 concentrations, in the form of macrophage activity, and adverse effects on feed intake in direct proportion to concentration, which converted into reduced BW gain at the MED and HI exposures. All of these effects were completely reversed after a 28-d recovery period. Further evidence of adverse effects of the HI (34 mg/m 3 ) concentrations of NH 3 have been provided in a test of avoidance, which demonstrated that sheep show partial avoidance at this level, in comparison with fresh air (Phillips et al., 2012) . The partial avoidance demonstrated that not all sheep preferred fresh air to the HI NH 3 , but the proportion of sheep preferring fresh air was more than the 5 to 20%, which Paustenbach and Gaffney (2006) propose as the maximum proportion of humans that perceive unpleasant sensory stimulation without regulatory control.
It is diffi cult to reconcile the various effects of NH 3 on the welfare of sheep to determine a maximum concentration to which sheep should be exposed. The time of exposure may be informed by the fact that the adverse effect on feed intake only developed after a 6-d period in the MED or HI NH 3 concentrations. In an unpublished company report, Costa et al. (2003) recommended a time-weighted maximum average of 19 mg NH 3 /m 3 , but also conceded that there was insuffi cient information on the impact of long-term (more than a few days) exposure to establish standards. The study of Phillips et al. (2010) with cattle proposed a limit of 19 mg NH 3 /m 3 , but the physiological and behavioral evidence of temporary infl ammatory responses at 23 and 34 mg of NH 3 /m 3 was stronger than in this sheep study. The recommendations of Phillips et al. (2010) does not take into account any safety factors or considerations that some animals may be more susceptible than others. At this stage, these might need to be included for sheep because of the uncertainty surrounding the precise concentration at which welfare is affected. They are commonly included in human safety regulations, but their effi cacy has yet to be thoroughly explored in animal welfare regulations. For comparison, Urbain et al. (1994) recommended safe thresholds of 11 to 15 mg/m 3 in pigs, but at 4 mg/m 3 of NH 3 , pigs begin to show a synergism with Pasteurella multocida in inducing rhinitis (Hamilton et al., 1996) . For comparison, the European standard for pig housing is 15 mg/m 3 of ammonia, measured as a mean in the dwelling zone (Commission Internationale de Génie Rural, 1984) .
Conclusions
Ammonia concentrations from 11 to 34 mg/m 3 over a 12-d duration had a measurable infl uence on the physiology of sheep, but there was no evidence of long-term, adverse responses. Hematological variables were not affected by atmospheric NH 3 concentrations. There was evidence that NH 3 caused an increase in pulmonary macrophage activity at 11 mg/m 3 , and reduced feed intake in proportion to NH 3 concentration, resulting in reduced BW gain at 23 and 34 mg/m 3 . In the light of the equivocal nature of the above evidence, it is recommended that further research is conducted to determine the critical NH 3 concentration to preserve the welfare of sheep.
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